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Polar backscattering from a fiber-reinforced composite which con-
taina regionsof porosity, consists of several componenta. Roughly 
speaking these componenta can be attributed to effects of finite beam 
width, to the structuring of the material and to the existence of 
porosity •. The backscatter amplitude strongly depends on the polar and 
the azimuthal angles, which together define the position of the trans-
ducer. It has been shown experimentally that the backscatter amplitude 
shows a steep peak when the incident beam is normal to the fiber 
direction [1]-[4]. 
From the analytical point of view, scattering of a beam of ultra-
sonic wave motion by a distribution of pores in a fiber-reinforced 
composite presents a complicated problem, because the geometrical 
configuration involves several characteristic length parameters. It 
may be assumed that the fibers are of the order of 8 ~m in diameter, 
and that they are combined with. a matrix material into plies of 
approximately 100 ~m thickness. The plies are stacked to form a plate, 
with an overall thickness of about 2mm. The flaws are generally elon-
gated and may be mode1ed as cracks of high aspect ratio, with the long 
length in the fiber direction. With this divers.ity of geometrica! 
length parameters, it is obviously important to select a range of wave-
lengthR which will introduce optimal simplifications in an analytical 
approach. 
In this paper we analyze the various contributions to the back-
scatter amplitude. It is assumed that the wavelength is sufficiently 
large that scattering by individual fibers can be ignored. Hence, the 
composite is considered as a homogeneous but anisotropic solid. 
Inspection of a cross-sectional area of a fiber reinforced composite 
tends to show, however, that the fibers are not uniformly distributed. 
There appear to be regions where the fibers are closely packed, while 
in other areas there is greater spacing. In the analysis it is 
assumed that the deviations from relatively uniform fiber spacing act 
as scattering centers, which produce the steep variations in back-
scatter. These regions of irregularity are elongated, like the fibers, 
but they have much larger characteristic cross-sectional areas. Hence, 
they respond to the wavelength of the incident beam, where the individual 
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fibers would not. Since experimenta show that individual plies are quite 
transparent, the scattering of fiber clusters within the global anisotropy 
of the composite, is relatively weak. From the analytical point of view 
this bas the great advantage that the Born approximation can be used to 
investigate the variation with azimuthal angle of polar backscattering 
due to inhomogeneity of the fiber spacing. 
The geometry is shown in Fig. 1. The x -axis is parallel to the 
fiber direction. The plate of unidirectionally fiber-reinforced com-
posite is placed in a water bath. 
SIGNAL STRENGTH FORMULAS 
For a two transducer system, Auld [5] bas derived a steady-state 
reciprocal relation which can be applied to flaw detection and 
characterization. For backscattering (pulse-echo system) this relation 
gives the following expression for the change of received electrical 
signal due to the presence of an imperfection: 
6r = iw 1 
4P S 
Here S is an arbitrary surface which surrounds the imperfection, n1 
is the normal of the surface S (n is defined positive inward), and 
(1) 
in in P defines the power of the transducer. Also, akR. and uk are the stress 
and displacement corresponding to the incident Iield in the absence of 
a scatterer, and akR. and uk are the stresses and displacements in the 
presence of the imperfection 
For backscattering by a crack; Eq.(l) reduces to 
iril in s 6r = - 4P 1+ akR. âukn1dA 
A 
(2) 
s 
where âuk is the crack-opening displacement, and the + sign defines the 
insonified crack face. 
For backscattering by an inclusion of volume V it is convenient 
to replace the surface integral in (1) by an integral over the volume 
V. Suppose we consider a general anisotropic medium with the stress-
strain relation 
0 kR. = ckR.mne;mn 
Some manipulation then allows us to rewrite Eq.(l) in the form 
6r = _ iw 1 
4P V 
(3) 
(4) 
In (4), âCkR.mn represent the differences between the elastic constanta 
of the inclusion and the host material, while âp represents the 
difference between the mass densities. 
WAVE MOTION IN A PERFECT FIBER-REINFORCED COMPOSITE 
By a perfect fiber-reinforced composite we mean a composite which 
is not only without defects, but also without irregularities in the 
spacing of the fibers and the laminates. We start by considering a 
perfect composite. It is also assumed that the pertinent wavelengths 
are much larger than the characteristic dimensions of the micro-
structure. Under these conditions it is permissible to use a continuum 
theory for a perfect fiber-reinforced composite, which accounts for the 
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Fig. 2 Transmission coefficients 
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microstructure in an averaged manner. In the simplest theory of this 
kind, which is the "effective modulus" theory, the mechanical behavior 
of the inhomogeneous fiber-reinforced composite is represented by that 
of a homogeneous but anisotropic solid, with a general stress-strain 
relation of the form given by Eq.(3). The effective modulus theory does 
not account for dispersion and attenuation. 
As a further simplification we consider a unidirectionally fiber-
reinforced composite, with the fibers in the x direction. In the 
effective modulus context such a composite is !ransversely isotropic, 
with the axis of symmetry in the fiber direction. For a transversely 
isotropic solid, Eq.(3) contains five independent elastic constanta. 
The propagation of ultrasonic waves in a transversely isotropic 
solid has been discussed in Ref.[7]. Let us consider a plane wave of 
the general form 
k = w/c (5a,b) 
As discussed in Ref.[8], for a given propagation direction defined by 
the unit vector e• three waves are possible. These waves are called 
the pseudo 1-(longitudinal), pseudo TV (vertically polarized transverse) 
and pseudo TH (horizontally polarized transverse) waves. The corres-
ponding phase velocities are denoted by c1 , cTV and cTH' respectively. 
An interesting feature of wave propagation in an anisotropic solid 
is that the direction of the energy flux vector, which defines the 
direction of energy flow, generally does not coincide with the direction 
of the phase propagation. The energy flux vector is defined by 
1 
<F.>=--J T 
t +T 
J 
t 
o 
o 
Re(oi. )Re(v. )dt J ~ (6) 
where T = 2~/w is the 
By the use of Eqs.(3) 
period and v. 
and (5), <F.5 
' ~ ~ 
-iwu. is the particle velocity. · 
~ 
can be expressed as 
< F > =~ j 2c 
where the asterisk indicates a complex conjugate. 
(7) 
Experimenta related to the present study have been carried out for 
a graphite-epoxy composite [9]. The conventional elastic constanta and 
the mass density were measured or estimated as 
E = 97.75 x 109 Pa , 1 
G12 = 6.16 x 109Pa , 
E2 = E3 = 10.01 x 109 Pa 
v12 = v 13 = 0.25 , p = 1.57 g/cm3 
The constanta Ck~mn of Eq.(3) can be computed from these quantities. 
TRANSMISSION ACROSS THE WATER-SOLID INTERFACE 
The reflection and transmission of a plane time-harmonic wave at an 
interface defined by x3 = O of water and a transversely isotropic solid 
has also been considered in Ref.[8]. The waves transmitted into the 
solid may be expressed as 
a = L,TV,TH 
Here T are the transmission coefficients. The transmission of wave 
a 
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(8) 
motion into the solid bas some interesting features at critical values 
of the angle of incidence e (see Fig. 1). As e increases beyond a 
w w 
first critical value, the propagation vector of the transmitted pseudo 
longitudinal wave becomes parallel to the water-solid interface, and 
the amplitude decays exponentially with depth into the solid. Similar 
effects happen at higher values of e for the transmitted pseudo trans-
w 
verse waves. Hence at higher values of e relatively little wave motion 
w 
will penetrate to any depth into the composite. 
Experimental measurements of the transmission of wave motion into 
unidirectionally reinforced composites of the kind considered here, were 
carried out by Dr. R. A. Roberts of the Argonne National Laboratory [6]. 
The experimental measurements were however for the transmission of 
energy flux through the thickness of a plate. Corresponding expressions 
for coefficients of energy transmission can be derived by the use of 
Eqs.(3), (6}-(8). We define 
TE = transmitted energy flux for a wave 
a incident energy flux a = L,TV,TH (9) 
The direction of energy flux in the solid is defined by the unit vector 
a = L,TV,TH 
Let us consider an area ~A on the interface. The corresponding 
normal cross-sectional area of the incident wave (propagation vector 
in in ~ ) in the water is ~Ap3 , while 
(10) 
sectional area in the solid is ~A 
a 
the corresponding normal cross-
a ~A s 3• We may then write Eq.(9} 
as 
where Ta are the regular transmission coefficients defined in Eq.(8) 
and computed in Ref.[8]. 
(11) 
A comparison of the theoretical values (11) with experimental results 
displayed agreement with variation of e , except for the magnitudes. 
w 
The discrepancies come about for two reasons: the experimental values 
are not normalized and they include a damping effect, due to trans-
mission through the thickness of the plate, which was not accounted for 
in the theoretical results. The proper normalization of the experi-
mental values was achieved with transmission coefficients for normal 
incidence, by normalizing by the direct transducer - water - transducer 
transmission. There remained the adjustment of the theoretical results 
for attenuation in the solid. 
Clearly the composite specimen, which was judged free of defects, 
was not a perfect fiber-reinforced composite in the sense described in 
the previous section. The deviations from the perfect state give rise 
to a damping effect. This effect is due to weak scatters, but it can 
unfortunately not be modeled by the use of the Born approximation, 
since this approximation produces a zero value for the scattering cross 
section. Hence it was decided to include the damping effect in an 
empirical manner by the introduction of a complex wave number k , 
a 
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~ k (1 + iy ) 
a a a 
a= L,TV,TH (12) 
Substitution of (12) into the plane wave expressions (8) yields the 
following dec~y term in the direction of energy propagation across the 
thickness, h, of the plate: 
a D (h) = exp[-y k hp. < F. >/< F3>] (13) a a a J J 
(no summation over a) 
Since both terms in the energy flux computation (stress and particle 
velocity) should be multiplied by Da' the transmission coefficient T! 
must be corrected by (Da) 2 • The thus corrected transmission coefficients 
can then be compared with experimental data. The quantity Ya can be 
computed by equating the peak values of the analytical and experimental 
curves. For 
plate thickness h = 2mm, frequency 5 MHz 
the following values were obtained 
-2 -2 yL = 1.592x10 , yTV= 0.914x10 , 
The analytical results, corrected for attenuation as described above, 
are shown in Figs. 2-4. Very accepta.ble agreement with the experimental 
data, which are also plotted in Figs. 2-4, is observed. 
It should be noted that to obtain the actual energy transmission 
coefficients at the fluid-solid interface, the numbers of Figs. 2-4 must 
. a 
be divided by (D )2. 
BACKSCATTERING FROM THE FLUID-SOLID INTERFACE 
If the incident beam has a bounded cross section the insonified 
spot on the interface generates a scattered field in all directions. 
An approximation to the signal backscattered to the transducer can be 
obtained from Eq.(1). 
It is assumed that the incident beam is of the general form 
in in in 
u = f(n)p exp(ik p •x) 
- - w- -
(14) 
in 
where the components of p are defined by sin8 cos~,sin8 sin~,cos8-, and 
w w w 
f(n) is an amplitude term which defines the.beam in terms of a coordinate 
perpendicular to the central ray of the beams. On x3 = O we write 
(15) 
where 
The parameter b controls the beam width. Note that, for computational 
s1mplicity, the amplitude term has been assumed as axially symmetric 
relative to the point O. In calculating the stress corresponding to 
Eq.(15), only the derivatives of the plane wave part aretaken into 
account. Thus, we have 
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To obtain the total field, the reflected field must be added to 
(15). If the reflection coefficient at the water-solid interface is 
denoted by R, we have at x3 = O 
(17) 
u3 = f(x 1,x2)(1-R)cosSwE(x1,x2), o33 s f(x 1,x2)ikwAw(l+R)E(x1,x2) (18a,b) 
Here it is assumed that the reflected wave has the same beam-like dis-
tribution over the plane x3 = O as the incident wave. 
Substitution of (15) and (17)-(18) into Eq.(1) yields 
i 2~~ sine 2k sine w ~ w w w 
= - 4P (i~kwAwR) b3 K1 ( b ) ' (19) 
where K1() is the modified Bessel function of the second kind. Equation (19) shows a strong dependence on the wavenumber (k ), the polar angle of 
incidence (e) and the beam width (b). The depende~ce on the azimuthal 
angle enterswin the reflection coefficient R. It may be verified that 
(19) reduces to a bounded quantity in the limite +O (normal incidence). 
w 
POLAR BACKSCATTERING FROM DIRECTIONAL INHOMOGENEITIES 
Polar backscattering by a fiber-reinforced composite displays a 
dependence on the directionality of the fibers [1]-[4], through 
variation of the backscattered signal with the azimuthal angle ~ defined 
in Fig. 1. Since the fibers are very thin (- 8~m in diameter), it would 
appear that the scattering is caused by inhomogeneities with a greater 
characteristic cross-sectional dimension, for example, clusters of fibers 
or other inhomogeneity in the distribution of the fibers. It also appears 
that the back-scattering is caused by weak scatterers, since the incident 
wave appears to penetrate into several plies of a cross-ply !aminate. 
These observations suggest an approach based on Eq.(4) in conjunction 
with the Born approximation. 
An unattenuated plane wave transmitted into the solid is defined 
by Eq.(18). To take the attenuation and the finite width of the beam 
into account we write 
in 
u (20) 
where a= L, TV, TH, and Da(x3) follow from Eq.(13). Equation (20) 
represents the wave motion incident on the inhomogeneity. The corres-
ponding strains Ein are computed by taking derivatives of (20), but of 
mn 
the plane-wave term only. 
In the Born approximation the incident wave field is taken to 
represent the total wave field. in in Hence uk and Ek~ are substituted in 
Eq.(4) for uk and Ek~' In addition the variation of these fields across 
the inhomogeneity is neglected, but the variation along the length of 
the inhomogeneity is taken into account. Considering an inhomogeneity 
of cross section S, whose center is defined by -oo < x1, <oo, x2 = x2, 
x3 = x3, the integrale in Eq.(4) can be evaluated to yield 
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where 
x [2k sin6 cos~ + 
w w 
(21) 
(22) 
In (21) and (22), a= L,TV,TH. It is noted that 6r depends on the polar 
angle 6 , the azimuthal angle ~. the wavenumber k , the beam-width 
w w 
parameter b, and the geometrica! and material parameters. The dependence 
on 6 .~ and b is of particular interest. It may be verified that 6r is 
w 
bounded in the limit 6 +O (normal incidence), 
w 
POLAR BACKSCATTERING BY POROSITY 
Pores in a fiber-reinforced composite tend to be long (length a) 
in the direction of the fibers (x1-direction), and narrow (width d) in the 
x -direction, a >> d. It is conceivable that the pores also have a small 
dtmension in the x3-direction (the direction of the ply thickness), but 
that dimension is small, and it is neglected here by the assumption that 
the pores may be represented by cracks. 
Since the wavelength is large as compared to a characteristic crack 
dimension, it may be assumed that the variation of the incident wave 
field over the crack surface can be neglected. It also follows that 
the crack-opening displacement may be taken as a perturbation of the 
corresponding quasi-static expression. Noreover, since a > d, and since 
the incident field is uniform over the crack, the crack opening displace-
ment may, in first instance, be computed by a two-dimensional approxima-
tion, i.e., as if the crack were defined by lx2 1 > d- ~ < x1 < ~. As 
discussed in the sequel, the finite length in the x1-direction can sub-
sequently be accounted for by a correction factor. The relevant two-
dimensional crack-opening displacements correspond to loading of the 
crack faces by normal tractions o33 , in-plane shear tractionso32 , and 
anti-plane shear tractions o31 • The two-dimensional cases of in-plane 
loading ( o33 and o32) are relatively simple since the material is 
isotropic in the x2x3-plane. The anti-plane case can also easily be 
computed. 
With reference to Eq.(20), the stresses at the position of the crack 
may be written as 
(23) 
where 
(no summation over a) (24) 
a 
where rj 3 must be computed for Eqs,(3) and (20), and ro defines the center 
point of the crack. The two-dimensional crack opening displacements 
are of the general form 
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lluj (x2,w) = crj 3 gj (x2,w) (no summation) (25) 
The explicit forms of gj(x2,w) are complicated; they are given in Ref. 
[10]. 
Now let us generalize Eq.(25) in an ap~roximate manner to the case 
of a crack defined by x3 =O, lx1 1 <a, lx2 1 < d. Since d <a, the 
crack-opening displacement will be defined primarily by the dimension 
d. We will, however, recognize that the crack is not infinite in the 
x1-direction, but rather has a finite length, by introducing a correction 
factor (CF) which provides an elliptical correction to the crack-opening 
displacement. The correction factor is taken of the form 
CF = (a2 - xî)~/a. Note that CF = 1 at x1 =O and CF =O at x1 =±a. 
Thus lluj(x 1,x2,w) = CF lluj(x2,w). The corresponding crack-opening 
volumes, Vj, are obtained by integration of lluj(x1,x2,w) over 
-a ~ x1 ~ a, and -d ~ x2 ~ d. 
For backscattering of a finite-width beam by a distribution of 
cracks, it is assumed that only the cracks in a small domain around a 
central ray of the incident wave motion produce back-scattered signals. 
- a a On the central ray of energy propagation we have ~ = r ~ , where s is 
a a a defined by Eq.(lO). Hence E ·~=rE·~ • By integrating in the vicinity 
of the central ray we obtain, see Ref.[8]. 
(26) 
where N defines the number of volume, and 
I. 
J 
i 
- k l: 
w a 
RESULTS 
The electrical signal corresponding to the total backscattered field 
has been computed as the sum of the contributions from the water-solid 
interface, Eq.(l9), from the directional inhmogeneities Eq.(21) and from 
the porosity, Eq.(26). The polar angle was kept fixed, 8 = 35°, and the 
azimuthal angle ~ and the volume density of the porosity w~re taken as 
variables. To compare with experimental results the logarithm of the 
following quantity was plotted in Fig. 5: 
-~00 âf(w,~)exp[-(w-w0 ) 2 /2cr2 ]dw 
_Zor(w,n/2)exp[-(w-w0 )2/2cr2]dw 
(28) 
Here w corresponds to a center frequency of 5MHz, and cr = 0.5 rad/s. 
Numerigal values of the parameters were selected to be as close as 
possible to corresponding values in the experiments reported in Ref.[6]. 
-1 To compute Eq.(l9) we used b = 8.6 nun and h = 2mm. For Eq.(21) we 
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used the additional parameters S = n x 0.01 mm2 , ăp/p = 6 x1o-3, 
ăCijkt/Cijkt z 0.01. Finally, to compute the backscattering from the 
porosity, values of a and d were selected as a = 0.04 mm and d = 0.02 mm. 
In this paper the (flat) pores were approximated by cracks, and the small 
height of the pores was ignored. In computing the volume density, this 
height, which was taken as 0.009 mm, must however be taken into account. 
With a volume per pore of 0.04 x 0.02 x 0.009 = 72 x 10-7 mm3, it may be 
verified that values of N (number of cracks /mm3) of magnitudes 2.77 x 
102 ,15.8 x 102 , 28 x 102 and 90.7 x 102 correspond to volume densities of 
0.2%, 1.14%, 2.04% and 6.53%, respectively. 
The curves plotted in Fig. 5 show higher backscattering for higher 
pore volume density. They show a steep increase as the azimut.hal angle 
approaches ~ = 90°. All curves also show a steep dip near ~ ~ 80°, 
which is due to reduced penetration into the composite because a trans-
mitted wave becomes evanescent. Experimental values obtained by 
R.A. Roberts are shown in Fig. 6. The theoretical and experimental results 
show very satisfactory agreement, except that the experiment results 
only show a flattening near ~ ~ 75°, and not the steep dips predicted 
by the theory. 
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